To estimate the associations between maternal pre-pregnancy body mass index (BMI) or gestational weight change (GWC) during pregnancy and offspring BMI at 3 years of age, while taking several pre-and postnatal factors into account. DESIGN: The Norwegian Mother and Child Cohort Study is a population-based pregnancy cohort study of women recruited from all geographical areas of Norway. SUBJECTS: The study includes 31 169 women enrolled between 2000 and 2009 through a postal invitation sent to women at 17-18 weeks of gestation. Data collected from 5898 of the fathers were included. MAIN OUTCOME MESURES: Offspring BMI at 3 years was the main outcome measured in this study. RESULTS: Mean maternal pre-pregnancy BMI was 24.0 kg m À 2 (s.d. 4.1), mean GWC in the first 30 weeks of gestation was 9.0 kg (s.d. 4.1) and mean offspring BMI at 3 years of age was 16.1 kg m À 2 (s.d. 1.5). Both maternal pre-pregnancy BMI and GWC were positively associated with mean offspring BMI at 3 years of age. Pre-pregnancy BMI and GWC also interacted, and the strength of the interaction between these two factors was strongly associated with the increase in offspring BMI among mothers who gained the most weight during pregnancy and had the highest pre-pregnancy BMI. Our findings show that results could be biased by not including pre-pregnant paternal BMI.
INTRODUCTION
Obesity is a leading public health problem facing children today. 1 The risk of obesity can be established throughout childhood and adulthood. 2, 3 Therefore, identifying factors during critical periods in early life that are predictive of obesity later in life could help reduce the incidence of obesity in the general population. The intrauterine environment is thought to affect many aspects of health but there is only limited evidence for uterine risk factors of childhood obesity. 4 A growing body of epidemiological and experimental evidence indicates that the prenatal period may be a critical period for the development of childhood obesity. 3, 5 Childhood obesity may even originate in pregnancy through in utero programming of appetite and metabolism during embryonic and fetal development. 3, 6, 7 Early nutrition may modulate the regulation of food intake, influence adipose tissue cellularity 8 and predispose individuals to obesity. Pre-pregnancy weight and gestational weight change (GWC) during pregnancy have increasingly gained attention as risk factors for childhood obesity at the population level, and high gestational weight gain is a potential risk factor for future obesity. [9] [10] [11] [12] [13] [14] A previous study has reported a U-shaped association with greater overweight risk of adolescent and adult obesity in offspring in women with the lowest and highest GWC. 15 However, in a recent study, this association became linear after adjustment for maternal pre-pregnancy body mass index (BMI), 14 which highlights the importance of considering both GWC and pre-pregnancy BMI. Furthermore, paternal BMI may also be important. 10, 15, 16 Several studies have specifically addressed the association between maternal pre-pregnancy BMI and GWC during pregnancy and overweight/obesity in children, but the results from these studies are conflicting. 2, [10] [11] [12] 17, 18 In a previous study, we estimated the association between maternal pre-pregnancy BMI and maternal GWC with birth weight as the main outcome and found that offspring birth weight increased with both increasing maternal pre-pregnancy BMI and GWC during pregnancy in all six pre-pregnancy BMI categories based on World Health Organization (WHO) classifications. 19 It is thus important to further explore to what extent these findings are pertinent to children later in life.
In this study, we estimated the associations between maternal pre-pregnancy BMI or GWC during pregnancy and offspring BMI at 3 years of age, while taking several pre-and postnatal factors into account, including BMI of the fathers.
MATERIALS AND METHODS

Population and study design
This study is based on the Norwegian Mother and Child Cohort Study (MoBa) conducted by the Norwegian Institute of Public Health. 20, 21 In brief, MoBa is a nation-wide cohort consisting of more than 108 000 pregnancies from 1999 to 2009. The aim of the cohort study was to elucidate the aetiology of disorders in early life by following the health of children and their parents after birth over an extended period of time. The majority of all pregnant women in Norway were invited to participate. Participants were recruited to the study through a postal invitation that was issued in conjunction with an offer of a routine ultrasound examination to all pregnant women in Norway at 17-18 weeks of gestation (www.fhi.no/ morogbarn). The current study is based on version 4 of the quality-assured data files released for research in February 2009, which included 105 117 singelton pregnancies. MoBa has been approved by the Regional Committee for Medical Research Ethics and the Norwegian Data Inspectorate, and informed consent was obtained from each participant before inclusion. The data is linkable to the Medical Birth Registry of Norway (MBRN). 22 The questionnaires included items on maternal, paternal and child health, socioeconomic factors, child development, nutrition and environmental exposures before, during and after pregnancy. The participation rate was 42% for all women who received the invitation to participate. However, the response rate among participating women was 94% of the first (Q1) and third (Q3) questionnaire during pregnancy and 61% for the questionnaire sent out when the offspring were 3 years of age (Q6). In addition, 78% of all the participants had a participating father.
For the present study, we used data from five postal questionnaires: the first (MoBa Q1) was completed around gestational age of 17 weeks, the second was completed around gestational age 30 weeks (MoBa Q3), the third was completed when the child was 6 months old (MoBa Q4) and the fourth was completed when the child was 36 months old (MoBa Q6). Furthermore, data from a questionnaire completed by the father around inclusion of the study was also included in the analysis.
The study was restricted to singleton, full-term, viable births in women with a gestational age of 37 weeks or more (X259 days), and who had no weight reduction of more than 26 kg or weight gain of more than 40 kg until gestational age 30 weeks of pregnancy. Cases of children with Morbus Down were excluded from the analysis. We excluded 245 and 45 women who supplied unrealistic information about height (lengtho130 or 4196 cm), and/or weight (o25 or 440 kg), respectively. This gave a total number of 90 198. In addition, we excluded 42 children with unrealistic heights and weights (o83 or 4120 cm, weighto9 or 438 kg). The entry criteria into our study was restricted to children who reached 3 years of age and for whom the mother had returned Q1, Q3, Q4 and Q6 with complete information on offspring height and weight at age 3 years, (study sample 1: n ¼ 31 169). We analysed a subsample with information of paternal BMI (study sample 2: n ¼ 5898).
Variables
The main outcome variable was offspring BMI (kg m À 2 ) at 3 years of age, which was calculated by dividing the child-reported weight by the square of height in Q6. 23 The variable was treated as a continuous variable. The main exposure variables were maternal pre-pregnancy BMI (kg m À 2 ) and GWC (kg). Maternal pre-pregnancy BMI (kg m À 2 ) was based on self-reported weight and height in Q1 and was treated as a continuous variable or categorical variable, which was divided into six categories based on the WHO recommendations:
24 underweight (BMIo18.5 kg m À 2 ), normal weight (BMI 18.5-24.9 kg m . 24 GWC was calculated from the maternal weight at gestational age 30 weeks reported in Q3 and pre-pregnancy weight from conception reported in Q1. GWC was treated as a continuous variable or categorical variable coded into five categories: 1 ¼ weight reduction p26 kg, 2 ¼ 40 weight gain p5 kg, 3 ¼ 5 kg4weight gain p13 kg, 4 ¼ 13 kg4weight gain p20 kg or 5 ¼ weight gain420 kg.
Based on a review of previous studies and possible underlying causal mechanisms, plausible confounding factors 25 were considered in this model. Possible prenatal maternal confounders included: (a) maternal age in years: o25, 25-30 or 430; (b) parity (number of previous pregnancies of 420 weeks duration) from the MBRN data, which was classified into four categories: 0, 1, 2, 3 or more; (c) maternal education, which was classified according to years of education: p9 (primary and lower secondary), X10-12 (high school, vocational school), X13-16 (college, higher education), X17 (university degree or equivalent), or other types of education whose levels did not correspond to the four above-mentioned categories; (d) smoking during pregnancy and coded 'yes' (smoking more than zero cigarettes per day or reporting occasional smoking) or 'no' (never smoked and not smoking); and (e) maternal exercise defined as the sum of frequencies per month or week of all activities classified: never, 1-3 per month, 1-2 weekly, 3-5 weekly, or X6 weekly. The postnatal covariates were: (a) birth weight, treated as a continuous variable, measured in grams as registered in the MBRN; (b) breastfeeding at 6 months and coded 'yes' (breastfeeding more than zero times per day or per week) or 'no' (never breastfed); (c) day care classified according to: kindergarten or playground (more than 20 h weekly), nanny/private home, at home with mother and father, at home with father only or at home with mother only; and (d) media consumption classified according to hours of media consumption per day: o1, X1-2, or 43.
Paternal BMI (kg m À 2 ) was calculated based on self-reported weight and height in the questionnaire sent to the father and was treated as a continuous or categorical variable, which was divided into four categories based on the WHO recommendations:
24 underweight (BMI o18.5 kg m À 2 ), normal weight (BMI 18.5-24.9 kg m 
Statistical methods
Before the analysis, we drew a directet acyclic graph (DAG) that included maternal BMI as the main exposure and offspring BMI as the outcome, as well as other important cofactors ( Figure 1 ). According to our DAG, the variables age, parity, maternal education, smoke, exercise and paternal BMI were part of confounding paths for the maternal-offspring association, and we adjusted for these in all models. Sex was a confounder for the birth weight-BMI association and was also adjusted for. Gestational age and presence of complications during pregnancy had already been 'adjusted' for by restrictions of the sample. The closed confounder pathways are shown as dashed lines in the DAG. After adjustment, there are four paths open: one direct path from mother to offspring BMI and three paths with each of GWC, birth weight and breastfeeding-media consumption-day care as intermediate variables.
To estimate associations, we applied four different models from the study sample 2. 25 In model 1, we studied the total effect of maternal pre-pregnant BMI on offspring BMI at 3 years of age after adjusting only for the confounders mentioned above. Then, we added the intermediate variables one by one to the model. In model 2, we added GWC; in model 3, we added birth weight; and in model 4, we added several postnatal factors such as breastfeeding, day care and media consumption at 3 years of age. The differences in the estimates between two consecutive models provides the indirect effect passing through the intermediate variables involved. We also tested the interaction between Figure 1 . An assumed causal relationship between maternal prepregnancy BMI, gestational (gest.) weight change during pregnancy and offspring BMI at 3 years of age.
maternal pre-pregnancy BMI and GWC. For each regression model, we checked assumptions (linearity and constant variance) and looked for points that had large influences (plotting delta-beta) to see if the results were robust towards outliers. The analyses were conducted using SPSS version 18.0 (SPSS Inc., Chicago, IL, USA). P-values less than 0.05 were considered statistically significant. ; range 83.0-120). In our study, 66.0% of the mothers had a normal pre-pregnancy weight, 2.7% were underweight, 22.3% were overweight and 9.1% were obese class 1-3 based on WHO recommendations. 24 Furthermore, 85.4% of the offspring had a normal weight or were underweight, 12% were overweight and 2% were obese based on the international cutoff values published by the International Task Force. 26 The distribution of offspring BMI at 3 years of age according to the different exposures and covariates is shown in Table 1 . The demographic characteristics in the large study sample 1 differ from those of the smaller study sample 2 including paternal BMI. In study sample 2, the mothers had a slightly lower maternal pre-pregnancy BMI, gestational weight gain and a higher education. They also had a tendency towards nullipara, were older, smoked less, more frequently exercised, breastfed more and more frequently used day care in kindergarten than mothers in study sample 1. In both samples, maternal pre-pregnancy BMI and GWC were significantly associated with offspring BMI at 3 years of age by analysis of variance trend test. In study sample 1, mean offspring BMI increased significantly from 15.7 kg m À 2 in the underweight mothers to 16.5 kg m À 2 in the obese class III mothers (Po0.001). GWC alone increased offspring BMI at 3 years of age; offspring BMI increased from 16.0 kg m À 2 in mothers not gaining weight to 16.3 kg m À 2 in mothers gaining 420 kg (Po0.001).
RESULTS
Mean
Offspring BMI increased with increasing maternal pre-pregnancy BMI and GWC in all four categories of maternal prepregnancy BMI, except in the extreme categories (Figure 2 ). There were only three underweight mothers in the weight reduction category (weight loss p26 kg) and five mothers with 420 kg weight gain. As there were only two mothers in the obesity class II and one mother in the obesity class III with 420 kg weight gain, obesity classes I-III were grouped into one categorical variable in Figure 2 .
The results from the four regression models, which refer to study sample 2 are shown in Table 2 . Model 1 (the total effect) shows that each unit increase in maternal BMI increased offspring BMI at 3 years of age by 0.034 BMI units. This implies that mothers with a BMI of 35 (obese) would have offspring with a BMI that is 0.5 units higher ((35-20) Â 0.034 ¼ 0.5 BMI) than of offspring born to mothers with a BMI of 20 (normal). The difference between models 1 and 2 is the indirect effect passing through GWC, which is equal to À 0.008 (0.034 À 0.042 ¼ À 0.008). This value is negative because a high maternal BMI results in a lower GWC, and a lower GWC decreases offspring BMI. An obese mother would have offspring with a 0.12 (15 Â 0.008 ¼ 0.12) units lower BMI than that of a mother with normal BMI because of the input from the GWC pathway. The difference between models 2 and 3 is the indirect effect passing through birth weight (without the involvement of GWC); this is equal to 0.011 (0.042 À 0.031 ¼ 0.011), which is positive and slightly larger than the GWC effect. The difference between models 3 and 4 is the indirect effect passing through factors, such as breastfeeding, day care and media consumption; this is equal to 0.001 (0.031 À 0.030 ¼ 0.001), which is a negligible effect. The direct effect of maternal BMI is shown in model 4 and is equal to an effect of 0.030. We also found a significant interaction between maternal BMI and GWC with an effect of 0.012 for maternal BMI and an effect of 0.003 for the interaction. From this last model, we can calculate the contribution maternal BMI makes to low and high GWC, for example when the GWC ¼ 5 or the weight gain is 20 kg. If we focus on the effect of an obese mother vs that of a mother with normal pre-pregnancy BMI on offspring BMI, the effect of an increase in pre-pregnancy maternal BMI (from 20 Based on model 1, the effect of being obese relative to that of being normal is an increase of 0.5 BMI units in the child's BMI at the age of 3 years (the total effect). To illustrate this point, shifting the offspring BMI curve by 0.5 BMI units to the right at the population axis results in an increase in the proportion of overweight offspring (BMI 417.7) from 13 to 21% (data not shown).
The effect of the association between pre-pregnancy BMI and offspring BMI was larger in study sample 2 including paternal BMI than on study sample 1 ( Table 3) .
DISCUSSION
This large population-based study showed that both maternal prepregnancy BMI and GWC were positively associated with mean offspring BMI at 3 years of age. Pre-pregnancy BMI and GWC also interacted, and the strength of the interaction between these two factors was strongly associated with the increase in offspring BMI among mothers who gained the most weight during pregnancy and had the highest pre-pregnancy BMI. Our findings show that results could be biased by not including pre-pregnant paternal BMI.
The strengths of the present study are that it is a large population-based study with a prospective design, 20 the data are linked to the MBRN, 22 and the size of the study enabled us to separately assess the association between maternal prepregnancy BMI and offspring BMI and between GWC during pregnancy and offspring BMI at 3 years of age. Also, suboptimal weight gain contributing to preterm delivery was excluded by restricting inclusion only to pregnancies with singleton, full-term viable births with a gestational age of 37 weeks or more.
Obese mothers are more likely to have obese children.
2,4,7,13
From a public health perspective, it is important to address the effect of pre-pregnancy BMI and GWC during pregnancy on offspring BMI in childhood. 27 Our work extends previous studies in several ways. First, it is one of few prospective studies 10,14 on the current epidemic of obesity, which has examined the associations between maternal pre-pregnant BMI and offspring BMI and between GWC and offspring BMI. Second, former studies have used the frequency of overweight and obese children as outcome variables, whereas, to the best of our knowledge, there are no published studies using mean offspring BMI at 3 years of age. Third, we included paternal pre-pregnancy BMI.
Parental obesity may increase the risk of obesity through genetic mechanisms or through shared characteristics in the family environment, such as food preferences and intake. The fetal over-nutrition hypothesis is relevant to the effect of maternal BMI and weight change during pregnancy on offspring BMI. One way to investigate if the association between pre-pregnancy maternal BMI is due to the intrauterine environment is by comparing the parental-offspring association of BMI, using pre-pregnant parental BMI. Such comparisons have been carried out in a few studies but with mixed results. 16, [28] [29] [30] The one from MoBa showed similar association 29 in the parental-offspring association of BMI at age 3 years. The DAG (Figure 1 ) suggests that paternal BMI may be a confounder for the maternal-offspring BMI association. This was confirmed by the detection of strong confounding effect for the parental BMI (Table 3) . Including paternal BMI in the present study reduced the study sample and could have introduced some selection bias seen by comparing the two crude estimates (Table 1 ). We also demonstrate the importance of including the father in this type of study and suggest that findings could be biased by not including paternal BMI. In studies that specifically addressed the effects of maternal pre-pregnancy BMI and/or GWC during pregnancy on offspring overweight/obesity in children, 2, [10] [11] [12] 17, 18, 31 only Oken et al. 10 included pre-pregnancy paternal BMI data, which was divided 425 and o25 BMI units. Our results support the conclusion of the Oken et al. 10 study by showing that offspring BMI at the age of 3 years increases by 0.13 BMI z-score units for every 5 kg increase in GWC after adjusting for parental BMI.
Earlier studies found an association between higher GWC and maternal BMI and overweight/obese children and adolescents at the age of 3, 10 7, 12 6-12 11 and 9-14 14 years. Branum et al. 18 found associations between pre-pregnancy BMI or GWC and the child BMI z-score at the age of 4 years, but their study resulted in a null association in the fixed effect models for shared family-level Abbreviations: BMI, body mass index. Also shown is the effect of adjusting for pre-pregnancy paternal BMI in sample 2. The missing data in column 1 is due to no data available for paternal BMI in sample 1. Other cofactors are as in model 1 in Table 2 .
Association between maternal BMI or GWC and offspring UM Stamnes Køpp et al environmental, genetic and behavioural characteristics. One previous study found no association between GWC and offspring BMI, but in that study weight gain was not the primary predictor of interest. 2 In a recent retrospective cohort, a strong association was found between GWC and offspring overweight at 7 years of age for women who were underweight before pregnancy. 12 Consistent with former studies, [10] [11] [12] [13] [14] 31, 32 we have confirmed the finding that GWC during pregnancy is positively associated with offspring BMI and there is a linear and positive association between maternal pre-pregnancy BMI and GWC and mean offspring BMI at 3 years of age. In addition, adjusting for several potential postnatal explanatory variables appears to have little or no impact on the strength of the associations.
An increase in GWC results from the growing fetus growth and increase in the size of the placenta and the volumes of amniotic fluid and maternal fat stores. In a previous study, pre-pregnancy BMI and GWC were positively associated with offspring birth weight. 19 However, in our study and a previous adjustment for the effect mediated through birth weight attenuated the effect of GWC. 9 GWC may be linked to offspring BMI through several pathways. In view of the fact that birth weight is positively associated with weight later in life, it is possible that the effect of GWC is potentiated by an obesogenic environment. This would further suggest that the association between maternal GWC and offspring BMI is dependent on genetic and environmental factors. 6, 7 This study has several limitations. Using women who participatied in MoBa can result in selection bias, 33 although this pregnancy cohort was large enough to represent a wide range of all relevant characteristics. 20 The declining response rate during the study period did not influence well-known estimates of exposure-outcome associations. 33 Misclassification due to underor over-reporting of maternal or paternal weight and height represented a potential bias. However, most studies on maternal pre-pregnancy weight and maternal weight change are based on self-reported weight, and validation studies have showed that selfreported weight may be adequate for large population-based epidemiological studies. 34 GWC during pregnancy included only gestational weight gain until week 30 of gestation. By limiting weight gain to 30 weeks of gestation, our findings were not distorted by the weight of accumulating body fluids such as those leading to oedema, which frequently occurs in the last trimester. Maternal health problems during pregnancy may influence birth weight. We addressed this issue by performing analyses that adjusted for gestational diabetes, diabetes and preeclampsia; however, the adjustments did not essentially change the conclusion of the study. The MoBa population tends to have a higher level of education compared with the Norwegian source population of pregnant women, 20 and therefore our results may underestimate the effect of education. A limitation in this study is that the dietary pattern of the offspring was not included in the analysis. However, including information about dietary factors collected at the same time may disturb the interpretation of the results and after adjusting for a range of other obesogenic-related factors, this seems to be of little importance.
As obesity rates among childbearing women continue to rise, the findings of this study showing that both maternal prepregnancy BMI and GWC are positively associated with offspring BMI acquire considerable importance. Pre-pregnancy BMI and GWC also interacted, with increasing strength of association on offspring BMI among mothers gaining the most weight during pregnancy and having the highest pre-pregnancy BMI. Preventing maternal overweight and obesity before pregnancy and encouraging woman to maintain a healthy weight during pregnancy should be made a public health priority. Although we still have not found the best way to prevent childhood obesity, the data in this study suggest that antenatal healthcare should be directed towards encouraging a healthy lifestyle within the context of the whole family.
